Abstract This study investigates geographical and temporal variation in three sets of transverse facial flatness measurements-the frontal, simotic, and zygomaxillary indices-in cranial series dating from the Jomon to modern periods of eastern Japan (Hokkaido, Tohoku and Kanto). In Hokkaido, the Ainu retains an early condition of facial features, linking them to the Jomon and Epi-Jomon groups. On the other hand, there were sudden changes from the Jomon to Kofun and from the Edo to modern periods in the Tohoku and Kanto regions. In the Jomon and Hokkaido groups, the similarities in facial morphology probably reflect a similar lifestyle and a close genetic relationship. This contrasts with the changes seen in the Tohoku and Kanto regions, which may result not only from gene flow but also from changes in the pattern of subsistence.
Introduction
The frontal, simotic and zygomaxillary indices of facial flatness selected by Yamaguchi (1973 Yamaguchi ( , 1980 have been used to investigate the population history of the Japanese (Dodo, 1986; Doi and Tanaka, 1987; Yamaguchi, 1987; Ishida, 1992; Hanihara and Ishida, 1995; Ishida and Dodo, 1997; Nakahashi and Iizuka, 1998; Hanihara, 2000; Dodo et al., 2000) . It is well known that less flat faces are one of the distinctive characteristics of the Jomon and Hokkaido Ainu among recent East Asian populations (Yamaguchi, 1973 (Yamaguchi, , 1980 Ishida and Dodo, 1997; Dodo et al., 2000) .
The "dual-structure" hypothesis (Hanihara, 1991) , according to which the modern Japanese were formed through the mixing of native Jomon people with immigrants from the East Asian continent during the Yayoi and succeeding Kofun periods, is widely accepted today (Lahr, 1995; Scott and Turner, 1997; Nakahashi, 2005) . According to this hypothesis, differences in the levels of interbreeding led to the diversification observed in the present inhabitants of Japan, including the Ainu. Yamaguchi (1987) compared the degrees of facial flatness of Kofun crania from the Kanto and southern Tohoku, eastern Japan, with those of prehistoric and protohistoric East Asian groups, including the Japanese islands. Based on the similarities between the eastern Japan Kofun people and the western Japan Yayoi, as well as protohistoric Anyang from northern China, Yamaguchi (1987) pointed out the possibility that the genetic influence of immigrant populations had reached eastern part of Japan by the Kofun period. Nakahashi and Iizuka (1998) , Dodo et al. (2000) , and Ishida (2003) showed that there were changes in facial flatness even after the Kofun period. Based on such findings, Dodo et al. (2000) suggested the influence of cultural factors on the changing facial flatness. Suzuki's (1969) diachronic comparisons of the cranial features from Jomon to recent times showed that there were also remarkable morphological changes from the Edo to modern periods. In order to reconstruct interpopulation relationships by a morphological approach, it is important to understand how morphological variation occurs, what causes that variation, and whether it is due to genetic or cultural factors. With respect to facial flatness, however, little research has so far been conducted. Taking this background into account, the purpose of the present paper is to present the geographical and temporal variations in facial flatness in three regionsHokkaido, Tohoku, and Kanto-that show great regional differences in several phenotypic features (Dodo, 1974; Yamaguchi, 1987; Dodo and Ishida, 1990; Matsumura, 1994; Dodo and Kawakubo, 2002; Ossenberg et al., 2006) , and discuss the possible factors affecting these variations.
Materials
The samples used in this study comprise adult male crania from ten populations dating from the Jomon to modern periods. Table 1 summarizes the information about the samples used, and Figure 1 shows their geographical location. These samples, except for those from Kamakura and Edo city, consist of crania unearthed from various archaeological sites. The western Yayoi sample, composed of crania derived from northern Kyushu and westernmost Honshu, are generally considered to be immigrants from continental East Asia, or their direct descendants (Nakahashi and Nagai, 1989) . Fullscale wet-rice farming and metallurgy began across most of the Japanese archipelago from the Yayoi period. In the following Kofun period, many kofuns (large-scale burial mounds) were constructed (Aikens and Higuchi, 1982; Imamura, 1996; Hudson, 1999) . The eastern Japan Kofun sample comprises crania from the Kanto and southern Tohoku regions. It is generally accepted that southern Tohoku was the northern limit of the expansion of Kofun culture (Imamura, 1996) . In Hokkaido, the Jomon period was succeeded by the 'Epi-Jomon' period. This period, retaining many cultural elements of the Jomon, continued for the next 1000 years, corresponding to the Yayoi and the subsequent Kofun periods in mainland Japan.
The Kamakura sample is composed of crania excavated from a medieval burial site at Zaimokuza, Kamakura city (Suzuki, 1956) . At that time, Kamakura city was the metropolis of Japan. The Edo city sample comes from IkenohataShichikencho site, a graveyard of the Edo period (Nakajima, 2000) . As Kamakura and Edo (today's Tokyo) cities were the political and economic centers of their respective periods, each sample was treated as representative of the Kanto region.
Among the population of the Edo period, the cranial morphology of the samurai group, attributed to a high social class, as represented by the Tokugawa and Makino families (Suzuki et al., 1967; Kato and Takeuchi, 1986) , was very different from that of ordinary people belonging to the farmer, craftsman, and merchant classes (Suzuki, 1969) . The Edo city and Northern Tohoku Edo samples consist of individuals who were buried in simple wooden coffins or directly in pits (i.e. the graves of the ordinary people).
The collections of human skeletons from the dissecting rooms of the Tohoku University and Chiba University were used for the modern Tohoku and Kanto samples, respectively. The age and sex of the subjects were taken from the records of the institutions. Materials obtained from archaeological excavations were aged and sexed by the present author based on cranial or pelvic morphological features (Brothwell, 1981) .
Methods
The measurements and indices of facial flatness were described by Yamaguchi (1973 Yamaguchi ( , 1980 and Bräuer (1988) as follows ( Figure 2 ): 1) The frontal index is the percentage of the nasion subtense to the chord between the frontomalaria orbitalia. 2) The simotic index is the percentage of the minimum subtense of the median ridge of the nasalia to the simotic chord, i.e. the minimum horizontal breadth of the nasalia. 3) The zygomaxillary index is the percentage of the subspinale subtense to the chord between the zygomaxillaria anteriora. The subtenses were not measured directly but calculated by applying trigonometric formulae to the three sides of a triangle measured to an accuracy 0.1 mm.
Applying k-statistics to a large-sized sample, Hanihara et al. (1999) confirmed that the null hypothesis of normal distribution was not rejected at the 5% level for each of the frontal, simotic, and zygomaxillary indices. Similarly, the null hypothesis for distributional normality was not rejected at the 5% level in almost all the indices of the present samples by the Kolmogorov-Smirnov test. The exceptions were the frontal index of eastern Japan Kofun (P = 0.044) and the simotic index of modern Kanto (P = 0.038). Moreover, Levene's test for homogeneity of variances showed no statistical significance at the 5% level in the simotic and zygomaxillary indices and in all of the chords and subtenses within the samples. Such findings allow us to use the t-or Welch's ttest for the comparison of the indices and the measurements.
Mahalanobis' D 2 distances were computed using six facial flatness measurements for every pair of samples. Since the numbers of samples without missing values were relatively large in the Hokkaido Ainu, Edo city and Tohoku modern series, a pooled variance-covariance matrix for the three populations was used. The unbiased Mahalanobis' D 2 distance can be written as:
unbiased Rao, 1952) where P is the number of measurements and N is the smallest number of skulls for which measurements are available in each series. Multidimensional scaling (MDS) was applied to the D 2 distance matrix. Statistica for Windows v. 5.5, 1999 edition (StatSoft Co.) was used for the MDS, tests for normal distribution and to confirm the homogeneity of variances; Microsoft Excel 2000 was used for the other statistical analyses. Table 2 shows the descriptive statistics for the chords, subtenses, and indices of facial flatness. Figure 3 shows the spatial and temporal variation in the indices of facial flatness. Groups in each region are joined by solid, broken, or dotted lines. Figure 4 and Figure 5 show the spatial and temporal variations in the chords and subtenses, respectively. Facial flatness measurements used in this paper: fmo = frontomalare orbitale; n = nasion; sc = minimum horizontal breadth of the nasalia; * = nearest point of the median ridge of the nasalia to sc; zma = zygomaxillare anterius; ss = subspinale.
Results

Facial flatness indices (Figure 3)
The Jomon and the two Hokkaido samples display relatively high values, especially for the frontal and simotic indices. In contrast, the eastern Japan Kofun sample has low values, close to those of the western Japan Yayoi.
The simotic and zygomaxillary indices are relatively stable from the Jomon to Hokkaido Ainu through the EpiJomon. The degree of frontal flatness decreases from the Jomon to the Epi-Jomon periods, but no further change can be seen between the Epi-Jomon and the Hokkaido Ainu.
In the Kanto and Tohoku regions, there is an increase in all indices from the Kofun to the Edo periods. The Jomon and Hokkaido samples show higher indices than any other samples except for the zygomaxillary indices of the modern samples. The Hokkaido Ainu sample and the contemporary Edo samples from the Kanto and Tohoku regions have significantly different frontal and simotic indices at the 0.1% level.
In the frontal index, a significant increase (P < 0.01) is seen from the Edo to modern periods in both the Kanto and Tohoku regions. As a result, no significant difference can be recognized between the Hokkaido Ainu and modern Japanese. The simotic index also displays an increase from the Edo to modern periods, although there are still significant differences at the 5% level between the Hokkaido Ainu and Kanto modern samples and at the 0.1% level between the Hokkaido Ainu and Tohoku modern samples. In terms of the zygomaxillary index, the Edo samples from the Tohoku and Kanto regions are little different from the Hokkaido Ainu samples. This index shows a rapid increase (significant at the 0.1% level) from the Edo to modern periods, exceeding that of the Hokkaido Ainu.
Temporal variations in the chord (Figure 4 ) The frontal and simotic chords of the Jomon and Hokkaido samples are larger than those of the post-Kofun samples from the Kanto and Tohoku regions. The Yayoi sample also shows relatively high chord values, especially for the Significantly different from the Eastern Jomon series at the * 5%, ** 1%, and *** 0.1% levels (t-test).
zygomaxillary chord. All the chords tend to decrease over time within each region. This tendency is particularly true of the zygomaxillary chord. The lower limit of this trend in the simotic chord is found in the Kofun sample. A significant decrease is no longer seen in the later Tohoku and Kanto peoples.
Temporal variations in the subtense ( Figure 5 ) The temporal variations of the subtenses resemble those of the indices, especially in the frontal and zygomaxillary regions. The simotic subtense clearly discriminates the Jomon and Hokkaido samples from the other samples. The decrease in the simotic subtense from the Jomon to the Hokkaido Ainu is statistically significant (Table 2 ). This contrasts with the increase in the nasal prominence in the Kanto and Tohoku groups after the Kofun period. Consequently, the difference between the Hokkaido and Kanto/Tohoku groups becomes smaller over time. However, a significant difference (P < 0.001) is still seen between the Hokkaido Ainu and modern samples from the Tohoku and Kanto regions. The size of the subtense of the Yayoi is closer to that of samples from the Tohoku and Kanto regions than to the Jomon and Hokkaido samples. plied to the D 2 distance matrix shown in Table 3 . By using the first two axes, 95.7% of the total variance is explained. The arrows indicate chronological changes in each region. The Jomon and Hokkaido samples are situated on the right half, and other samples are distributed on the left half. In Hokkaido, the samples show a linear upward arrangement in chronological order. A similar tendency is seen in the Tohoku and Kanto regions from the Kofun to modern periods. The western Yayoi is located around the bottom of the group composed of the Tohoku and Kanto samples.
Discussion
Epi-Jomon and eastern Japan Kofun peoples
In previous metric and non-metric analyses of craniofacial features (Dodo and Kawakubo, 2002) , the Epi-Jomon sample was located between the Jomon and Hokkaido Ainu and showed no noticeable influence from immigrant Yayoi groups. In the present study, the Epi-Jomon shares similar characteristics with Jomon and Hokkaido Ainu in terms of the facial flatness indices as well as the chords and subtenses (Figure 3, Figure 4 , Figure 5 , Table 2, Table 3 ). Such findings suggest that the similarities in the Jomon and Hokkaido samples probably reflect not only a similar subsistence pat- tern but also a close genetic relationship.
On the other hand, the eastern Japan Kofun, who are contemporary with the Epi-Jomon, have low facial flatness indices that contrast with those of the Jomon, Epi-Jomon, and Hokkaido Ainu, as already noted by Yamaguchi (1987) .
For all indices, the values of the eastern Japan Kofun are relatively close to those of the western Japan Yayoi (Figure 3) . With respect to the Mahalanobis' distances based on the chords and subtenses, moreover, the Yayoi is the closest sample to the eastern Kofun (Table 3) . These results suggest a close relationship between the eastern Kofun and western Yayoi populations.
Temporal variations in the indices of the post-Kofun samples
The present study reconfirms the earlier works (Nakahashi and Iizuka, 1998; Dodo et al., 2000; Ishida, 2003) that indicate a large difference in facial flatness between the Kofun and modern periods. In the Tohoku and Kanto regions, all facial flatness indices increase after the Kofun period, and there are dramatic changes between the Edo and modern periods without any remarkable genetic exchange (Figure 3) . Such sudden and great changes are also noted in cranial index, nasal prominence index, and stature (Suzuki, 1969) . These phenomena have been referred to by many Japanese researchers simply as secular changes (e.g. Suzuki, 1969; Kouchi, 1983 Kouchi, , 1986 Nakahashi, 1993; Nagaoka, 2003) .
Relationship between the chord and subtense
In the study of facial flatness, few authors have discussed the changes in the chords and subtenses separately. Dodo (1986) investigated facial flatness in East Asians and native North Americans and noted that the simotic index of the Eskimos was similar to or higher than the so-called 'Caucasoid' groups. He suggested that this might be due not to the nasal prominence itself but to the relatively low value of the simotic chord. From a principal component analysis of nasal cavity measurements of modern Japanese crania, Mizushima (2000) showed that when width decreases, the nasal cavity tends to project forward. In the present study, similar changes can be seen between the chord and subtense, especially in frontal and zygomaxillary regions. However, the coefficients of correlations (r) between the chords and subtenses examined in the modern Tohoku sample are positive at the 0.1% level of significance in the frontal (r = 0.36) and nasal (r = 0.55) regions. In the zygomaxillary region (r = 0.13), there is no significant correlation. In other words, any compensatory relationships between the chords and subtenses are not seen at an individual level. This suggests that the relationships between facial breadth and projection are not so simple.
Regarding temporal variations of the facial and mandibular features from the Jomon to modern periods in the Kanto region, Suzuki (1969) and Kaifu (1997) showed that width measurements decreased over time. These authors interpreted this decrease as primarily due to a reduction in chewing stress. Kaifu (1997) noted that a reduction in the chewing muscle attachment areas on the mandible was associated with a decrease in mandibular width measurements. In the present study, the two facial breadth measurements, represented by frontal and zygomaxillary chords, also show a gradual reduction over time. There may be differences between maxilla and mandible, but the chords are possibly subject to change due to mechanical factors, e.g. a reduction in chewing stresses. The increase in the subtenses may be related to the reduction in chewing stress. Shirahase (2003) measured the insertion area of the temporal muscles and the cross-sectional area at the bottom of the temporal fossa on the male skulls from the Jomon to modern period and found that the cross-sectional area tended to decrease over time after the Yayoi period. The reduction of temporal muscles may cause a relative retraction of the zygomatic regions, resulting in the increase of the subtenses, especially the frontal and zygomaxillary regions (Figure 7) . Hence, chewing stress seems to be an important factor associated with the changes in facial flatness.
In the simotic subtense, on the other hand, there are no appreciable changes, such as those found in the frontal and zygomaxillary regions, since the Kofun period in the Tohoku and Kanto regions. In contrast to the frontal or zygomaxillary regions, the influence of masticatory muscles on the nasal region may not be strong. This suggests that the simotic subtense may be controlled by other factors including genetic ones.
In Figure 6 , a linear chronological line is discernible in each region. Two lines, which are composed of the samples from the Tohoku and Kanto regions, are very close to each Figure 6 . Two-dimensional expression of multidimensional scaling applied to the Mahalanobis' D 2 distance matrix shown in Table 3 . The arrows connect each regional group (Hokkaido, Tohoku, and Kanto) chronologically. Comparison between the Kanto and Tohoku populations When the facial flatness indices of Edo samples from Kanto and northern Tohoku were compared, the values of the latter were all smaller than those of the former (Table 2, Figure 3 ). Of the three indices, the simotic index is significantly different at the 5% level between the two regions ( Figure 3 ). In the Edo period, the Tohoku people have lower facial flatness indices than the Kanto. This difference seems to persist in the modern inhabitants of these regions. Similar tendencies are also seen in the subtenses, especially in the frontal and zygomaxillary subtenses ( Figure 5 ).
As presented in Figure 6 , there are parallel changes through time in each region. For the facial flatness indices and the subtenses, however, the magnitude of the changes is greater in Kanto region than in the Tohoku region.
It is well known that clinal variations centered on the Kinki district can be recognized regarding modern Japanese physical characteristics (Kohama, 1960; Kouchi, 1983 Kouchi, , 1986 Nagaoka, 2003) . Kouchi (1983 Kouchi ( , 1986 indicated that the directions of secular changes were identical both in central Japan and in peripheral Japan around the Tohoku and Kyushu districts, although the timings and rates of these changes differed between the two regions. Kouchi (1986) stated that a plausible factor was a drastic change of lifestyle in the last 100 years rather than genetic factors. Nagaoka (2003) pointed out that a concentric distribution of craniometric traits could be seen in the late Edo period. Based on such findings, he suggested that there were genetic influences of the immigrants from the continent on the formation of the interregional craniofacial variation and possible clines.
The present findings are compatible with those described above. The differences in the facial flatness measurements between the Tohoku and Kanto regions may be explained, at least in part, in the context of the clinal variation. The results obtained suggest that several factors, such as gene flow, adaptive component, and modernization relating to the pattern of subsistence and lifestyle, should be considered to explain the regional variation, temporal differences, and recent diversification of facial flatness. Future analyses using data from the western part of Japan are planned in order to better understand the temporal variations of the facial flatness measurements.
